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THE AERODYNAMIC ANALYSIS OF THE GYROPLANE
ROTATING-WING SYSTEM

By John B. Wheatley
SUMMARY

An aerodynamic analysis of the gyroplane rotating-
wing system is presented herein. This system consists of
a freely rotating rotor in which opposite blades are rig-
idly connected and allowed to rotate or feather freely
about their span axis. ZEquations have been derived for
the 1ift, the lift-drag ratio, the angle of attack, the
feathering angles, and the rolling and pitching moments
of a gyroplane rotor in terms of its basic parameters,
Curves of lift-drag ratio against 1ift coefficient have
been calculated for a typical case, showing the effect of
varying the pitch angle, the solidity, and the average
blade~section drag coefficient. The analysis expresses
satisfactorily the qualitative relations between the rotor
characteristics and the rotor parameters. As disclosed by
this investigation, the aerodynamic principles of the gy-
roplane are sound, and further research on tais wing sys-—
tem is Jjustified.

INTRODUCTION

From considerations of safe flight, it 1is desirable
that an airplane should be able to fly slewly under good
control without tending to stall or spin, and should be
capable of descending steeply and landing in a restricted
area in the event of an engine failure:. The N.A.C.A., in
pursuance of its research on safety in flight, has inten-
sively studied rotating-wing systems and found that they
possess characteristics which conform closely to these
safety requirements.,

A preliminary analysis of the gyroplane rotating-
wing system disclosed sufficient promise to justify fur-
ther wiark. It was decided, thercfore, to develop the de~
tailed aerodynamic analysis of the gyroplane rotor as a

i
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guide for further investigations. The analysis is based
on the auvtogiro-rotor theory given in references 1 and 2
and experimentally verified by the data given in reference
3s The aerodynamic similarity between the gyroplane and
autogiro is very close, the only difference being the type
of blade motion used to sliminate rotor rolling moments in
the two systems.

DESCRIPTION

The gyroplane rotor consists of four blades, the op~-
posing blades being rigidly connected, which rotate freely
uq&ef the influence of air forces about an approximately .
vertical axis. ZFach blade-pair is held in bearings at the
hub which permit the blades to oscillate or feather freely
abont the axis of the bearing; i.e., the feathering axis.
The blade is usually offset, swept back. or both, to place
the blade center of pressure behind the feathering axis
and thus stabilize the feathering motion. Figure 1 shows
the rotor analyzed in this paper; the blades are rectangu-
lar, and are offset and swept back from the feathering
axis. :

ANALYSIS

- The aerodynamic analysis of the gyroplane is essential-
1y similar to that of the autogiro. For this reason, the
autogire theory of Glauert and Lock (references 1 and 2)

has been used as a guide in this development. The experi-
mental verification of the autogiro analysis (reference 3)
is considered indicative of the validity of this treatment
of the gyroplans,

In the general case, the gyroplane rotor travels at a
velocity V, and the plane perpendicular to the rotor axis
is inclined at the angle o to the direction of flew of
tiae undisturbed air. The aserodynamic analysis of the rotor
will be made in two distinct parts: TFirst, equations will
be developed for the region between zero 1ift and tHe max~
imum 1ift coefficient, and second, a method for evaluating
the rotor forces in the vertical-descent condition will be
presented.

In the immediate neighborhood of the rotor,. induced
velocities are generated by the air forces acting on the .
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".rotor. The resuvltant force acting on the rotor will be

inclined bdbut slightly to the rotor axis, so it will be as-
sumed that the induced velocity is generated by the compo-
meidt of the resultant forcé along the axiss In the low-
angle~of-attack condition it will be assumed that the in-
duced velocity is constant in magnitude over the rotor
disk., Then, from airfoil theory, R

P

v o= g (1)
2mr R p V!
ﬁﬁ?%ﬁ_?f' E v is the induced velocity

T is the rotor thrust
a‘B 'i{s the rotor radius
p is the air density
V! ig the resultant velocity ét;#hé:rotor
The axial component 1w, of the resultant velocity is
: ‘u, = Vsinag- v ' 0 (2)

and the component wuy of the resultant velocity. in -the
plane of the disk is :

_ “ug = V cos a | _ " f}‘ﬂ' (=)
Lét ; f:  v, = AMQR - ‘ o "', f " (4)
whé£§ kY is‘ﬁhé rﬁtor angular velociﬁy and .- ‘

 uz- war | (5)
Tﬁen
o 1/2

VU= (ug2 +ug)? = QR O+ pd) (6)

The thrust coefficient Cp will be defined by the equa-
tion : ;

'CT = : - é»-g k (7)
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'th&tdohﬁ(?):maﬁ-bé;wfiﬁtég .

R P

- ; : oon 1 :
o S c % Cm QR v v
o X Q R =V sin o -l T (8)
T - : ’ (Kz + ue)l/e .
or, dividing by W Q R, |
' ' 1
A % Or

b G2+ u?)

The feathering” of the blade pair is.a periodic func-
tion of the angular position of the blade. The angle of
feathering can then be expressed as a Fourier series in v,
the angle of the blade from its downwind position. The
tlade position will be defined as the angular position of
the blade tip projected onto the plane perpendicular to
the rotor axis, and measured to the tip guarter-chord point.
_Since opposing blades have an equal and opposite feather-
ing angle, the coefficients of the even multiples of ¥ in
the Fourier series will be zero. Then 1f ©6 is the instan-
taneous pitch angle of the blade, .

0= ag - a; cos ¥ - by siny - az cos By - by sin & (10)
where a¢ is the pitch setting.of the blade.

£ From figure 1 it is seen that the distance from the

" feathering axis of a blade element dr at r is € R +

- ¢t r, when the blade is offset a distance € R from the
feathering axis and has a sweepback ( R at the blade

tip. If TUp 1is the blade velocity component parallel to

the rotor disk and perpendicular to the projection in the
rotor disk of a radius drawn to the blade tip,

Up =Qr + QR sinV (11)

The blade velocity component Up 1is the component~ber—
pendicular to the rotor disk; then '

p=rQRrR+(gr+er) & (12)
If U 1is the resultant blade velocity in & plane perpen~
dicular to the projection of the blade radius in the rotor
disk, and @ the angleée between U and the rotor disk,
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L Up:

H

U ‘GOS8 ql ) T T (13)

Farae s UP : U Sln CP :7: »"; ',. - - : -(14)
The term A Q R is the pr1nc1pal part of. Up .and

ig found to be less than 3 percent of the tip speed for

any reasonable set of values of the rotor characteristics.

It follows that in.any part of .the rotor disk in which

the resultant veloc1ty is large UP is small in com@ar1—

son with Ugp. It will consequently be agsumed that sing =

¢ and cos ¢ = l._ xhen

‘UT I L
L (15)
UP = CPUJ

In the evaluatioh of the elementary air forces on
the blade, it is assumed that the resultant force on a
blade element lies in a plane perpendicular to the projec-
tion of the blade radius in the rotor disk, and depends’

~ouly upon the resultant velocity in that plane.,

The thrust on a blade element ~ dr at a radius r is

ary =4 p T cdr oy 0 (18)
where dT is the element of thrust on oné bladé
c is the blade chord (assumed constant)

Cr 1is the 1lift coefficient of the blade element-

~The total thrust on the rotor is obtained by integrat-
ing thr thrust along the radius and taking the average val-
ue around the digk, It is considered advisable to allow

~for %ip losses by assuming that the outer tip of the blade

develops no thrust; this outer part is assumed to have a
span of one half the tip chord, and the radius to this part
is designated 3BR. A further correction is required to ex-
press in the thrust equation the fact that the velocity Up
is negative in the region bounded by ¥ = = W R sin Vv and
in that region the angle of attack of the blade eclemecnts
requires an expression differianz from fthat used over the

-rest . of the disk., “An additional torm in the thrust inte-

gral ig used to.correct tho expression for.the angle of at-
tackes If is assumed, probably with small error, that when

»



6 N A G A Teetinical ‘Note Voo 493 -

thed velocity is directed from the trailing edge toward the
leading edge of the airfoil, the 1ift curve has the same
s&dpe as for normal flow and #%he 1ift coefficient may be
expressed in an equivalent manner. The total thrust T

on : the ratorfméyfbefexpreéged 2

K '. "o 2 p- G.;.Uz- CL . ‘dr
oo S oAV S + p cU® ¢par
~
m ~-uR sin V¥
b -pR sin ¥
* o5 7 ay, f . % poc U Ot oar (17)
-u:""'.‘r‘."_T[, '

Wherd” B is the number of blades . ,

Cpt 18 the ‘I1ift coefficient in the roversed-veloc-.

ity ;pg%gn
On the straight-line portlon of the 11ft curve
O, = T _
~and Cpt = a ar": _ S (18)
where , a ig the lift-curve slope rin radian ‘measure

© Op- is the angle.of attack of -the blade element for
: normal : 101ow, measured from zero 11;% o

i,a&' is fhe angle of attack of the blade element for
: reversed flow, measured from zero 1ift

CMlso ap = 8 +o.
ot = =8 -¢ (19)

Tne 41gns of';ar and dp L are determined by the conven»

tion - taat.a p051t1vc angle of ‘attack givag a positive. elc~
ment of thrust, .apd ay  or- @r' is . the acute . angle be-

tween the blade cgord and the rcesultantair flow.

ot
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ywsubstituting“%Isb'ahd Loy an (1Y,

b BR L a
T = - f a j 2 pcatU?(8+9)dr

2” o TR R+ SN SRR TR GV S R EE S R
oo S &y f o % e aU(0 +¢) dr-

T —uR 31n\y ,
: v'éﬂbA” uD 31nlb : :
+ 27 a W ./ % pca u? (— e-¢) dr (20)
C BT oy o e e

Collectlng and. Lea”ranvlng, and sub tltutlng for_ Ui“and“

U@j\;rom (15),

S e BR R N e RIFIRN
T = g% JSooav J %o ca (8 UT2 + Up Up) ér
! 0 (N e oo
;7118H. ‘~pﬁ zlnw PR :
7-31 S d a's f ST p c a: (6 UT + UT UP) dr ~(21)

T o for
Substitute for Ugp and Up from (11) and (12), and/

46/dt ~from (10), #oting that. dy/dt = Q. During integra-

tion it will be assumed that terms of higher order in |

than the fourth are negligible, and it will be shown later

by inspection that ap and by are of the order u™.

The integration and simplification of (21) results in.

- L 2p3 L 2, L 2 (L g3 L Pt 8
T=Z pead (UR° {5 A(B™+ 3 p.)+ao (5 B+ s B-g=n );
1. 4 1 2 1 = 1 | 2 .1 2
Ljan(es- & pev g3 1P oo Luna(s® L2y )
+ 5 pai(e3 s= bed = IB- 2 ut - S HbltB i M )v (22).
and.v._"
Cp=% 0 a {l MB%+ & ) tag (3 B2+ & uPB- o u®)
T T3 P) 3 M 0’3 Mg
L -4 Leg® 1l 2. L LR 23
+ 5 wa, (B = e+ 5 {8 wooo) o1 (B™+ 1 M )}' (28)
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where 0o = %ﬁ andffqpreéoﬁts; forn :ectangular blades, the
ratio between total blade area and swept-disk
ares.

The aerodynamic torque on the element dr may be
written

Q1 =% pUP e rdro, e -3 p U crdrs  (24)

where § is the avecrage proflle—dra coefficient of the
- blade sectlon.n ~

In numerical work, § should be assigned a value that ave~
erages the high. drag coefficients at large angles of at-
tack and the smaller coefficiocnts at " low angles. ' A valuo
greater by 50 percent than the minimum is suggested,” indg-
much as the 1arge angles of attack occur only at low Ve
locities., - :

In the ovaluation of cquation (24) tip losses will be
accounted for, as in the thrust equation, by integrating
40 the radius. BR instead of to R, 'The drag term will,
however, be 1ntebr;ted to thée tip, since the drag is more
clikely to be nugmented thon diminished whore the thrust
}dlsappe&rs.

‘Summing the ontire torgue and taklnﬂ the average val=-
uc, cquation (24) becomes

sy

?

= l = , T 1.5 . L
Q= 217 { &y Of % g ca 19 Up Up + UPB ), rldr
, 2T BR S
. e ir 2
+ AN f d f . . % p c a { e UT UP + UP f r dr
T -uR sin Yy

21T
—*Z‘T'T“f d\Lff %pCa{—GUTUp-FUPz}rdr
1T
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: TR .R.@ ; 53, g R : o

- -zbﬁ— J Qv Sk pcéUm r dr- g [ T 3 pesUr r ar
-0 . o : ,.g;ﬂ__ ‘~uR 31nw ,

s em -uR s1nw B T P :ﬁJnfa' :

v oAy S pcB UT rodr oTE e (25)
2 - : .

In a .steady state of rotation, the torgue must be ZETO,
Rearranglng and equatlng to zero,

5 2T BR .
— 1 2 oo
S é'ﬁof ‘Wo.f T poc a{Q.UT Up + Up }r 4r.
2w R,

e~§L foa¥ S Ep e 8 UP? r dr

<TT o 0

¥ ~UR s1nW v . . 2
- = /' dW’f 2 pcavUp®rar

. éﬂ ' R siny Ce i ‘
+ % S oav S +pcé UT?'r dr = 0 | (26)

Integrating and collectlng, and neglecting terms of hlgher
order than u4, ag in the thrust expression,:

0= 22 (F- L p) e (L apr®- Lt £epur Lpta )

3
+ E e as (% { B +’%‘€ B )
+ ('}i g234+-2gc g33+%-€-2332) (%‘-azzﬂ“%biz)
e e
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» ~The unknowns in (27) are W, A, and the blade-motion
coeffidients ay, by, a3, and: bz. The solution for A as
a function of |1 may be obtained by expressing the blade~
motion coefficients as functions of u and Ae The fol=-
low1ng consideration of the blade motien will be utilized
to express the blade-~motion coefficients in the desired
form,

ey

. The dynamic equatlon for the osc1llat10n of a blade
pair about the featherlng axis may be written

BR.

BR-: . oamow . o
I, == = [ (eRB+{r) iéi}w dr—Of (e R+gr)<—~;a>v+ﬁdrf“ (28)

where (E?L\ is the thrust.on a blade element -dr When
A the blade position is V¥

~> is the thrust on a blade element dr. when
Y the blade position is ¥ + 1 "

IP is the moment of inertia of the blade pair
about the feathering axis '

From equations (10) and (21),

AN 1 S o L FAEE

(_&;l/w = 35 pca,{'(ao - .a; CO§ '\}f - blf_..Sl.n»t\{f - ag cosg SW e
~ by sin 3Y) (Qr + QR sin ¥? o+ (Qr + QR sin. V)

WOR + [eQr +(Qr] [a; sin¥ - b; cosV + 3az sin 3V

- 3bs cos ZW])‘} | ' T (29)
dTl : . N / d.T . . AR, Lo
and <~—;2[ is identical with f~~;z[ with the sign-
dr 1T vdr ) ’

of each trigonometric function reversed,

The reversal of flow over a por ‘tion of the: retreatlng
blade is neglected in the eguation for the feathering,
since normally both the forces and moment arms in that por-
tion will be very swall.
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From equation (10),

= -1 ;
%gg = Q (aicos ¥ +b; siny +9agcos 3y + 9b, sin 3V) (-30)

Substitute (29) and (30) in (28); integrate and collect.
Then S '

I Lo 4L p5% oL ,2, (cp4 L% 32
-2 (5 eB 4 - tB) - su ei(e B+ g ¢ BY)
1 2,2, 2 3, 1 424 1 .2 1 2yl
- = € £ ¢ = {" = =
20,(5 €37+ £ (B + ) s )+ 5 uSasleBt 5 (B )J»cos y

+'-<;4. L oag (%EBB + —é«‘ng) + 2 uh(eB + %« ¢ )

+ zal(%— c*8%+ %ciB%. %C..QEB‘*)-zbl(% es®+ L ¢3*)

- %ua’ol<(€33+ % C‘_Bz)}sin\*!,
L2 c Lig®y o, (Lep3s g
+{2p, al(n:8+2g3.\2a3\3€}3+4€3)
‘ ho]
- 6"03(% €® %4 Ze (8° + %: gzs‘*)} cos 3V

% ¢+

m

f-]:‘ 2
+ {2 b, (€B+

VR

CB?)+6aB(% B+

NS
e
t
S

1 3 1 % |
— = ¢ = 3 sle
2 by(5eB +4§B)}31n5y

21 o
= —-—"*}'?*T (al cos 1.’1/ + by sin \U +93-3 cos 5\4""‘9.&)3 Sinks.\i}’)
pca R

(31)
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Let —— =y R . s .
peca R
? 1 ‘ i 3. S ;{; 5 % N
5 €8 + 3 B* = K1
.4}:.23:_ ¢ B&.:_’_ !.z__ g"*:BiSTiz Kz

k2 8% 42 gy 1 =
‘ u@»? : B+ 5 €. { B +.4A§ B X,

Substitute the above ia (3L) and equate the coefficients
of corresponding trigonometric terms; then

a, (y+2K;+ % W K3)= -2b1Kat %‘ u’asks )
by (V#2Ey+ 2 1P Ko )=dayKat2u M Ka+2a:Kat 5 uPDokq ‘
' | ' : - (32)
' 2 1.2 . , .
asz(9y + 2K; + uKz) = 5 M- ayKs -~ GbaKe : : !
2 -
by(9y + REKy + U X3) = 5 W biKs + 6asKe )

The coefficients € and ¢ will normally be of the or-
der of 0.1 or smaller.  The term X, 1s then of the sec~
ond order with respect to KX,, K, and s, A first approx-
imation to the solution of (31) may be obtained by neglect-
ing Xs. Then T

AY, p ag + 2K W A

By = I T TR | (33)
y o+ 2%, 4 3P Ky - i
_ 2 4(9v + 2K, + u® E3)
HE
W K5 b,
ba = (34) )

2(9y + 2 + p® IZa
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a4, = -] , (35)

“‘2 K3 al S}J,z Ks K4= bl
Qo ~ . - )
2(9y + 2Ki + p® Ka) (9y + 2K1 + u® K3z)

{36)

Equations (33) to (36), inclusive, show that =a,, b
ay, and by are linear functions of )A. Substitution of
these equations in the torgque equation results in a quad-
ratic in A, the only unknown, making the solution for
A simple. The larger, or positive, value of A obtained
in the solutilon corresponds to a positive angle of attack;
the smaller, or negativse, value correspvonds to a negative
angle of attack.

l’

The aerodynamic pitching moment is easily determined
from a consideration of the thrust variation with V. If
M is the pitching moment about an axis passing through
the rotor axis

277 BR amT. N\
-b ( L 1
Vi -il*) —_—x) ! 37
i f d \V j dr’ / cos v dr ( )

Substituting from (16), (18), and (19), integrating and
collecting

M =

0 |

bopa Q7R {5 oy (3 5 u"%)+ 5 va(Fe3+3%)} (28)

The reversed flow is again ignored here as being of negli-
&£ible importance.

Similarly, the rolling moment IL! may be written

BR
. AT
Ll= 5= 6[ a v 6/ _@?3) r sin ¥ dr ' (39)

and
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La(%2c3% ¢3Y

1
L'= -5 bepa | o%* {4 ““" 3 WaoB. B " gty

g,:.";

@

The energy losses_in the rotor arise only from the
generation of thrus% and ﬁhe proflle drag: of the blades.
Thien , ‘ e . . = e

. oz Eﬂ' R A RS i

VD = vT + g% Joav / % pcb U3 ar

'(415

the second 1ntegra1 belng a@ded to accouht for the T -
;Versed Ve1001t1es.; But LT Goun : S

(42)

= : E— X
VT cos o VT cos o 211

BT ' ~pR. S_‘ini':"iiﬁ"-: . R
S oav S Lo e 8 Usar  (43)
ﬁ . 0 EAECIERIRN e 5 . R I R -

Integrating and simplifying,

PerDe ﬁ‘.-‘ 5 % C"” Y 6(1 + BH‘Z +.g‘ 'u'é) : '
T f = - v Tl canans et - (44)
u(u 8] oy cT

PER SR

| Tne 11ft coeff1c1ent of the rotor C@i;;maygbe -5 SRR
pressed in terms of Oy  from the following eguation:

CLT % vzvq E?m?”T:Cogiq

L

= Gp T E® p 0° R® cos a (45)
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2 0® g° 2 Cp cos® a
CLI‘ = CT -—‘-—-—-{’-5—-"‘ cos A = = (4:6)

B

Substituting for Cp in (44)

+ 2+ _:_3., 2 3 Cc

_ %o, _ 08 (1+3uP+ = n*)cos3 a . L, K (a7
C1, 3 - ' 3 2 2.1/2 $

r 4.7 Cp,, 4 cos® al(A+p")

HI

where CDr is the rotor drag coefficient. At small angles

of incidence, A is negligible with respect to @, and
cos O is nearly unity. - Then

o8(1 + 3y + 2% oL

- r

e + (48)
A 4 ;

CDr =

illustrating that at small angles of attack the drag coef-
ficient can be expressed as the sum of a profile and an
induced-drag coefficient. ’

The preceding equations (specifically (9), (23), (27),
(33), (34), (35), (36), (38), (40), and (44)) determine
completely the low-angle-of~attack operation of a gyroplane
rotor when its physical dimensions and constants are known.
The first step in the application of these equations is to
determine ‘a,, by, az, bz as functions of A for ‘an assumed
geries of values of W ranging from 0,07 to 0.6. . The.
next step is to solve the torque equation for A\, after
which the angle of attack, 1ift coefficient, and drag co-
efficient may be determined from the equations given.

The rotor loading determines V for a given 1ift coeffi-
cient, and the tip speed can then be found from u, a, and
Ve o

In the high-angle-of-attack raange, say from 50° to 90°,
the equations previously developed give erroneous results.
It is suggested that the drag coefficient at an angle of
attack of $0° be calculated by the following method, based
on an empirical relationship obtained in wind-tunnel ex-
periments (reference 4),

Figure 2 shows a curve obtained from reference 4 that
defines the relationship betwcen the thrust coefficient
of a propeller based on speed of traunslation and the thrust
coefficient based on the velocity of the air im the neigh-
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borihood of;the propeller. The expressions are

: T
f = : _ . (49)
2T R:P VS 0w .
and
e : F= i PTG T - : (50)

where u, is the axial flow at‘%he propeller and f and

wo Bomare thrust coefficients. ; Bince .-

uw, = AQE '1_‘” (51)
(from equation (lz)),‘equatlon (aO) becomes

G
F o= —= (52)
2 9)\,

and: If- CD&' is the rotor drag coeIf1c1ent at 90 angle
of attack,
i Op ! = e »E’f‘ S = 4f (53)
clrar .o r %— ?-'p: sz- T\'R L

'b&uet1on (53) is evaluated from equatlons (23) and (27);
‘the proper value of 1/; is then obtained from figure 2,
from the branch of the curve labeled "windmill decelerat-
‘1ng state," and CD i follows at once.

.. Bome indication has heen obtained from an isolated
:test (reference 5) that in the hlghwanglo~of-attack range
"the resultant force coefficient Cn is” constant and equal
to CD ts .CLv_hand CD _.tnen become equal to Cp.cos

- and CR 31n a,~ respectlvely,'where a 'may be calculated

. from (9).. The use of this rélationship igs. not recommend-
el w1thout more general verification.
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LIST OF SYMBOLS

Velocitigssi =

v,
QRr,
v,
v,
gy
'lJ.z,

U,

U,

UP,

Forcess: |

velocity of translation of rotor ...

tip speed of rotor - ..o v owmoE oo S
induced axial velocity at rotor

resultant velocity.- at rotoer..

ecompoénent of V' -in plane of,disk .-

axial compomnent éf v

resultant velocity at blade element perpendlcu—
lar to vlade span axis '

comp&ﬂent of W parallel to disk

componént.qfa U - perpendicular to disk

rotor thrust

rotor 1lift

" rotor drag

rotor drag at 90° angle of attack

Moments{

Qs

' M,

L,
Angles:
Y,y

o,

rotor torgque about axis of rotation
rotor pitching moment

rotor rolling moment

azimath angle of hWlade-
angle of attack of rotor

angle of attack of blade element

17
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Angles (cont.): B Ua Y
o, acute angle between U and plane of dfgk™ -+
6, instantansous bIHdE pitch dfigle’
ags pitch setting of bdlade " - s i
Rotor constants: too
a, 1ift curve slope of blade profile’ =~ 7~
Ip, moment of inértisn of bladé pair aboub féathering
axis
¢,. _blade chord
R, rotor radius
. tiiieen. - ¢ p aR*®
Y mass constant of blade pair = LT
o, et . . - N . p
€R, offset of blade from feathering axis = .
6: sweepback of blade tip from feathering axis’
g, solidity or ratio between total blade area and ,
disk area
8, average profile drag coefficients of blade pro-
file- ) B '
B, factor expressing allowance to be made ih integrat-

ing along radius to account for tip losses

Coefficients: .-

i
Cp, thrust coefficient = ——g——=35——3. .
7 ﬁr' .: WA

CLr’ rotor 1ift coefficient = 5 5
% p V 1R
f, propeller thrust cédefficient based on widisturbed

velocity = 3 e T e T s .
2mTR pV -
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Coefficients (cont.):

F, 'propeller thrust coefficient based on local wveloc-
T. .

2 T R? o uza

ity at propeller =

CDrh;rotor drag coefficient at 90o angle of attack =
Dpt

N ) )
TPV TR,
Miscellaneous:

s ratio between component of speed of translatlon
in plane of disk and tip speed

A, ratio between axial component of resultant transla-
tional velocity and tip speed

h EXAMPLES

In order to illustrate the influence of the rotor pa-
rameters on the over-all performance of the rotor, curves
of L/D as functions of Cp. have been calculated for a

typical rotor having the following characteristics:

€ = 0
¢ = 0.10
c = 0.10

ag = 0.0698 rad, = 4°

5 = 0,0120
a = 5.00

v = 0,004
B = 0,950

FPigures 3 to 5, inclusive, show the effect of varying g »
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"4, and 8§, The calculated longitudinal and lateral posi-
tions of the rotor center of pressure in terms of percent
of the radius are shown in figure 6 for the typical rotor,

DISCUSSION

g

" The development of an aerodynamic theory of the gyro-
plane in a mathematical form necessarily involves simpli-
fications and assumptions. The major sources of error in
this theory are the assumptions made concerning the uni-
formity of “the inflow and the equality of tan ¢ with Q.
The inflow probably varies materially over the rotor area,
considering the form and relative positions of the blade
tip vortices. The influence of the uniform inflow is a
rough average of the influence of the nonnnlform inflow,
however, and should introduce no serious err¥ors in the ex-
pressions for the net forces. The angle © is large only
when the resmnltant velocity is small, so that again the
errors in the net forces are small,

Errors of lesser importance are introduced by the as-
sumptions that the aerodynamic force on the blade element
is independent of velocities along the blade radius, and
that the tip losses are calculable by the method given.
Some ensrgy will be dissipated in the skin friction be--
tween the blade and the radial air flow, but since any
computation of this energy loss would be an approximation
it was thought best to neglect it. It seems reasonable
to expect this factor to be small. Tip losses have been
taken into account approximately, although the accuracy
of the assumption made comncerning the effectlve radius
(BR) is uncertain,

- The treatment given in this paper considers the sim-
plest form of a blade - one with constant chord and pitch
angle; a similar treatment, however, can be applied to any
blade in which the chord or pitch angle is a given func-
tion of the radius. It is only necessary to substitute
the given function for ¢ and ay, before integrating
from O to R along the radius, and the result obtained
will express the desired relation, It should be remem-
bered, however, that this aerodynawnic analysis in-its sim—-
plified form is of doubtful valwve guantitatively, although
its qualitative accuracy should be satisfactory.
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The illustrative examples presented in figures 3 to 5
show the type of variation in 1lift-drag ratio to be ex-
pected with changes in therotor constants. :.It is inter-
esting to note that a .small solidity is advantagequs only
at very low 1ift coefficients. The increase in lift-drag
ratio with pitch angle.is somewhat misleading, since -with
normal airfoils tne pitcéh ‘anglé cdn .be increased butb
slightly beyond 4° without adverse effects upon the auto-
rotation.  Figure. 6 slows the varidtion in.pitching-and
rolling centers of pressure with.1ift coefficient; the
rolling moment &arises .from the fact that the center of
thrust is at a greater distance from.the hub on the re-
treating blade, so that for swept-back blades the thrust
twisting moment on. this blade balances the thstlng momexnt
of a. smaller thrust on the opposmte blade.

The appllcatlon of. the. aerodynamlc pr1nc1ples present—
ed here is essentially a structural problem. .The blade
pair is stressed in bending and tension, and yet must be
held in fthe hub in bearings that pérmit free rotation.
Torsion. in the blades must be considered in relation to
possible vibrations. No insuperable difficulties-are an-
ticipated, however, since the obstacles to be overconme
are for the most part similar to those successfully dealt
with in the autogiro.

CONCLUSIONS

The gyroplane is aerodynanically sound, and its prom-
ise justifies further research.,

The aerod&namic theory of the gyroplane here developed
expresses satisfactorily the gqualitative relations between
the rotor characteristics and the design parameters of the
rotor,

Langley Memorial Aeronautical Laboratory,
National Advisory Connmittee for Aeromautics,
Langley Field, Va., January 65, 1934.
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Figure 1.-Gyroplane rotor
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Figure 2.-Propeller thrust coefficients based on resultant ve-
locity and velocity of translation.
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Figure Z.-Variation of gyroplane rotor lift-drag ratio with pitch angle.
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Figure 4.-Variation of gyroplane rotor lift-drag ratio with solidity.
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Pigure 6.-Gyroplane rotor center-of-nressure travel as a fuaction of
rotor 1lift coefficient.
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